A dominant opening created in a building during a windstorm may subject the building to significant internal pressure dynamics that can impact on the safety of the envelope and the structure as a whole. This paper reviews previous work in this area and considers a number of issues surrounding the dynamics of building internal pressure induced through a dominant opening to provide new insights into the problem.
Introduction
The safety of a building during the passage of windstorms depends on the characteristics of both internal as well as external pressures, since these can combine to produce extreme loads on elements of the building envelope. Traditionally, building designers and wind engineers have focussed principally on the characteristics of building external pressure; hence a large body of literature exists in this area. Internal pressure on the other hand has received relatively less attention even though its importance has been continually highlighted during the aftermath of severe windstorms around the globe (Walker 1974; Minor 2002) . Non-neutral internal pressure in buildings may be induced by the wind through leakage's or permeability of the envelope; through dominant openings; and through the flexibility of the envelope. Of particular interest under windstorm conditions is the generation of internal pressure fluctuations through dominant openings. Such openings may be created by the impact of wind-borne debris. Sudden breakage of windows and doors in this manner is not uncommon in severe windstorms. Similarly, intentional opening of doors for escape during windstorms is also common. There are two issues of concern once a dominant opening has been created. First is the internal pressure overshoot, if any, in the ensuing transient response to a suddenly created opening that presents a sudden change in pressure at the opening. Significant overshooting could produce peak internal pressure values that could combine with envelope external pressure to increase the severity of the loading on the envelope. Second is the subsequent response including any Helmholtz resonance response of the building cavity to the turbulent wind via the fluctuations in external pressure at the opening, that could produce (a) peak internal pressures that are higher than the peak values for external pressure at the opening, and (b) significant fluctuations in internal pressure thus enhancing fatigue loading on the components of the building.
In any case, the characteristics of internal pressure depend upon the characteristics of the driving external pressure at the opening, as well as the frequency response characteristics of the building cavity determined by the opening area, internal volume, background leakage, secondary openings, internal partitioning, and the flexibility of the envelope. A large body of literature exists for external pressures and wind loading codes have comprehensive provisions for them, however the fluctuating characteristics of area external pressure (i.e. over the extents of the opening) required for the prediction of fluctuating internal pressure characteristics may not be readily available.
With regards the frequency response characteristics of the building cavity, following a novel treatment of the internal pressure problem by Holmes (1980) , several researchers including Liu and Saathoff (1981) , Stathopoulos and Luchian (1989) , Vickery and Bloxham (1992) , Sharma (1996 Sharma ( , 2000 Sharma ( , 2003 Sharma ( , 2012 Sharma ( , 2013 , Sharma and Richards (1997 , 2005 , Oh et al. (2007) , Ginger et al. (2008) , Kopp et al. (2008) , and Guha et al. (2012 Guha et al. ( , 2013a ) amongst others, have since greatly increased the understanding of the characteristics of internal pressure induced through dominant openings. Whilst this may be the case, however, even for the apparently simplest case of a rigid, non-porous, single compartment building with a single dominant opening, there still remains a number of aspects of the problem that require further investigation.
Firstly, a number of variations of the governing equation for internal pressure are in use at present. Secondly, the flow coefficients used in the governing equation also vary quite significantly from one study to another (Sharma, 2012) . The internal pressure response computed using the governing equations are strongly dependent on these coefficients. Thirdly, while a number of non dimensional parameters have been used to characterise internal pressure dynamics in the literature, their physical significance and typical ranges are not clear.
It is therefore the purpose of this paper to (a) re-visit the fundamentals of the fluid dynamics associated with unsteady flows through openings into and out of a cavity to present a rigorous derivation of a governing equation for internal pressure, for the case of a rigid, non-porous, and single compartment building with a dominant opening, (b) re-consider non dimensionalisation of the governing equation and establish the physical meaning and typical ranges for important non dimensional parameters, and (c) re-examine data on the ill-defined coefficients of flow, and present discussions informed by the literature, so that a better understanding could be gained.
Literature Review: Governing Equations for Internal Pressure and Flow Coefficients
The four different formulations for the governing equation in use today have been summarised previously by Sharma et al. (2007) and recently by Sharma et al. (2010) . In the Holmes (1980) analogy of the Helmholtz acoustic resonator, , 
the oscillatory airflow through the opening is modelled as an oscillatory air slug of area A o and length (i.e. air slug of inertia = ρ a A o l e ), acting against an air spring consisting of the cavity air. In the equation, A o = area of the opening, = building cavity volume, C d = opening discharge coefficient, ρ a = air density, P a = ambient pressure, and n = a polytropic exponent. Internal and external pressures are represented by the internal and external pressure coefficients C pi = C pi (t) = and C pe = C pe (t) = respectively, where = reference dynamic pressure, = mean ridge-height velocity; and f HH = the Helmholtz resonance frequency of the building cavity.
Using numerical solutions to Eq. (1) and parallel experimental testing at model scale, Holmes (1980) showed that wind turbulence could excite the building cavity through the opening causing Helmholtz resonance to occur. This manifests as intense oscillations in internal pressure about the Helmholtz resonance frequency, as was evidenced by resonant peaks in internal pressure spectra obtained in the wind tunnel at model scale. Having fixed the effective slug length at , Holmes (1980) had to use a polytropic exponent n = 1.2 and a discharge coefficient C d = 0.15 in order to match the Helmholtz frequency and the damping (i.e. magnitude of resonant peak) predicted by Eq. (1) respectively, to experimental measurements. Equally importantly, Holmes showed that in order to maintain the correct relative position of the Helmholtz resonance frequency in the wind turbulence spectrum at model-scale, either the model-scale velocity in the wind tunnel needed to match the full-scale velocity, or the model cavity volume needed to be increased (distorted) by a factor equalling the square of the ratio of the full-scale to model-scale velocities. Liu and Saathoff (1981) used the unsteady Bernoulli equation to arrive at an equation very similar to that of Holmes (1980) 
The flow through the opening was assumed to form a vena-contracta, hence Eq. (2) incorporates a contraction coefficient C c in the inertia term. This implies that the cross-sectional area of the air slug equals C c A o and the inertia of the air jet is then ρ a C c A o l e , with . The contraction coefficient was assumed to be the same as the discharge coefficient, i.e. C c = C d . Air contractions and expansions in the building cavity were assumed to be fairly rapid and therefore isentropic, hence the specific heat ratio γ = 1.4 for air was used for the polytropic exponent n. Later, Liu and Rhee (1988) found from model-scale studies that the contraction or discharge coefficient had to be set at C c = C d = 0.88 in order to match the measured Helmholtz frequencies. The damping term was however not examined. Using the unsteady orifice flow equation with a loss term quantified using an opening loss coefficient C L being equivalent to , Vickery and Bloxham (1992) 
very similar to Eq.'s (1) and (2). It was argued that since the orifice flow was highly unsteady, it was not likely to form a vena-contracta. The effective length of the air-slug (or air jet) was determined using an inertia coefficient C I such that , but using made the same as in Holmes (1980) and Liu and Saathoff (1981) . It was also argued that an orifice loss coefficient C L = 2.86 for steady flow yields acceptable results when the response predicted by Eq. (3) were compared to model-scale measurements in the wind tunnel.
Computational fluid dynamics (CFD) modelling technique was applied for the first time by Richards (1997a, 1997b) to study the transient response of building internal pressure, who using parallel model-scale experimental measurements, argued that the governing equation for internal pressure should take the form of Eq. (4), ,
It was shown that flow separation and a contracted region was indeed formed past the opening, confirming the assumptions of Liu and Saathoff (1981) . Therefore it was appropriate to include a contraction coefficient C c in the inertia term, so that the inertia of the air jet was ρ a C c A o l e . Furthermore, measurements and CFD modelling revealed that the losses in the system consisted of an additional linear damping component, as shown in Eq. (4). This was believed to arise from viscous shear stresses around the opening and was shown to be only important at model-scale (Sharma, 1996) unless the opening contained a significant neck. In addition, following Stathopoulos and Luchian (1989) , the effective air jet length l e was quantified using in which l o = thickness of the opening. Experimental measurements suggested that C I ranged between 0.66 and 0.98 depending on the location of the opening (Sharma, 1996; Sharma and Richards, 1997b) . It was also shown that the loss coefficient could range between 1.2 and 2.8, and that the contraction coefficient should be C c = 0.6 for a thin orifice type opening when l o / d o << 1; or C c = 1.0 for a long opening when ; where is the effective diameter of the opening. Various writers including Ginger et al. (1997 Ginger et al. ( , 2008 , Chaplin et al. (2000) , and Oh et al. (2007) have tended to use the Holmes (1980) or Vickery and Bloxham (1992) formulation for the governing equation, however with the definition for l e ranging from to . Harris (1990) used the Liu and Saathoff (1981) formulation, whilst co-workers (1997 − 2013) have tended to use a combination of the former as described by Eq. (4). As such, there is some uncertainty regarding the exact formulation to use for the internal pressure equation, and furthermore, there is greater uncertainty with regards the values for the loss and inertia coefficients to be utilised, as summarised in Table 1 . This shows that the values for the loss coefficient C L (sometimes assumed that this equals ) ranges from 1.2 to 45 (up to 38 times the lowest value) while the inertia coefficient C I appears to have significant variability as well, ranging 0.89 to 1.55 (up to 2 times the lowest value). Sharma (2012) has recently shown that the standard deviation σ Cpi and peak internal pressure coefficient, and pi can vary by as much as 40% over the range of C L and C I found in the literature. Clearly, if the governing equations were to be used for the prediction of fluctuating and peak internal pressures, this would not be satisfactory, and further studies into these ill-defined parameters of the internal pressure problem are needed.
Derivation of the Governing Equation for Internal Pressure

The Problem
As the building under consideration is assumed to be rigid and non-porous, non-neutral internal pressure can only be induced through any dominant opening that may be present. Such a situation can present itself during the passage of a wind storm, through the failure of usually a windward window or door by overloading or debris impact. Fig. 1 below shows such a situation for a single compartment building of internal volume ∀ o and internal pressure p io just prior to window breakage, and then a situation after a dominant opening of area A o has been established due to window breakage. Once the opening has been established, air will begin to flow through the opening with velocity U o (t) and as a result, building internal pressure will begin to change. The interest is in determining the characteristics of fluctuating internal pressure,
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which is expressed as a sum of a mean level and a fluctuating component p i (t), induced through the opening by the onset turbulent wind. In Eq. (5), internal pressure is expressed in coefficient form as well where , , and .
Wind Characteristics
Since internal pressure is induced by the wind via the external pressure at the opening, its characteristics need to be understood and quantified to begin with. Wind is turbulent and it may be described by its speed at ridge-height h, having mean and fluctuating components,
The mean wind speed and the intensity of the fluctuating component I u,z at any height z above ground are given respectively by and (7) in which z o is the terrain roughness length, u * is the friction velocity, κ = 0.4 is the von Karman constant, and σ u,z is the standard deviation of the fluctuations. The longitudinal wind turbulence spectrum S u (f ) may be represented by the Kaimal et al. (1972) 
A turbulence integral length scale L u that represents the longitudinal scale or size of the dominant or energy containing eddies may be approximated using the turbulence spectrum and setting the frequency to zero (Tielman, 2003) , (9) Setting z = h in the above equations results in the characteristics of the turbulent wind at building ridge-height. 
External Pressure at the Opening
Previous writers (Holmes 1980; Sharma and Richards 2004) have shown that internal pressure induced through a dominant opening responds to the time-varying spatial average of the external pressure P e (t) over the full extents of the opening e.g. the window. It may be expressed as a sum of a mean level and a fluctuating component p e (t), or (10) where , , and . Sharma and Richards (2004) investigated the characteristics of fluctuating area averaged pressures over significant areas of the windward wall, and offered the following empirical formulation for the admittance function, (11) in which , , , , w = wall width, and x and y are distances to the centre of the area of interest, from the wall edge, and from the roof respectively. Using this admittance function, the opening external area average pressure coefficient spectrum S Cpe (f) can then be obtained from the longitudinal wind turbulence spectrum using (12)
Density of Air in the Building Cavity
When the internal pressure in the building cavity can be assumed to be spatially uniform at any instant in time, then the instantaneous density of the bulk of the internal air can be expressed as the sum of a mean component ρ a and a fluctuating component as (13) Since the building cavity is not totally enclosed, as air flows in through and out of the opening, the internal pressure fluctuates relative to the external pressure. As an example, for a mean ridgeheight wind speed of 30 m/s, and with a mean external pressure coefficient of say 0.7, the mean external pressure at the opening would be around 358 Pa. If we now assume that in the extreme situation, internal pressure could be double that of the external pressure, then this would be 756 Pa which is a mere 756 / 101300 ≡ 0.7% of the ambient pressure. Ideal gas equation implies that air density changes in the building cavity are therefore relatively small as well, compared to its mean value, that is, << ρ a .
Continuity Equation
When air density changes are small, application of the compressible form of the continuity equation to the building cavity gives where m i is the mass of the air contained within the building, and U o is the time-dependent spatial average velocity in the plane of the opening. The bulk behaviour of the air within the building cavity may be assumed to follow a polytropic process. Assuming that the initial internal pressure equalled the ambient pressure P a , we can express the relationship between instantaneous internal pressure and instantaneous density as (15) in which n is the polytropic exponent, which is equal to 1 for an isothermal process and equal to the specific heat ratio γ (equal to 1.4 for air) for an isentropic process. It is proper to assume that air undergoes isentropic contractions and expansions in the cavity, which is consistent with Liu and Saathoff (1981) , Vickery and Bloxham (1992) , and Sharma and Richards (2003) amongst others. Thus (16) and the continuity equation (Eq. 14) can now be re-written as (17)
Equations for Flow Through the Opening
Assuming now that significant oscillations in flow occur through the opening, which is true when Helmholtz resonance is strong, an inflow and an outflow part of the oscillating cycle can be depicted as in Fig. 2 . Considering inflow first, as illustrated in Fig. 2a , the unsteady form of the Bernoulli equation may be applied between a point far enough upstream and outside of the opening, where the flow velocity is relatively small (i.e. much smaller than the opening flow velocity), to a point at the vena-contracta (Sharma and Richards, 1997a) , inside the opening, where the velocity may be expressed, via incompressible continuity, as
Eq. (18) is valid as long as the flow through the opening can be assumed to be incompressible. C c is a contraction coefficient representing the area ratio A vc / A o , which will vary according to the characteristic and strength of the vena-contracta. At the vena-contracta, the pressure is equal to the internal pressure, and the losses from the outside to this point can be quantified with a sudden contraction minor loss coefficient K SC applied to the opening flow dynamic pressure. Inclusion of this in the unsteady Bernoulli equation, and then combining these for inflow and outflow (Fig. 3b) leads to (19) In Eq. (19), l e is an effective length or distance along a streamline from a point external to the opening to the point of vena-contracta past the opening. The derivation of this equation is based also on the assumption that loss and discharge coefficients are same for both inflow and outflow.
Coefficients of Flow
It should be noted that K SC represents the losses due to the sudden contraction of flow and is therefore different from the loss coefficient C L quoted in texts for orifice plates and flow meters; see Eq.'s (20a-c). Under steady conditions, Bernoulli obstruction theory (see pp. 398-402 of White, 1999) can be used to show that
in which C d is the discharge coefficient for flow through the opening of area A o , and where A w could be taken as the windward wall area in the problem under consideration. For a small β ratio, the steady value for C d is approximately 0.6, while the loss coefficient K SC could be approximated as that for a sudden contraction (e.g. 0.42 for a very small β ratio; see pp. 373 White, 1999) . In the present problem however, the flow is unsteady and in particular Gaussian with a strong narrow band oscillation about zero mean around the Helmholtz frequency. The discharge coefficient C d will likely vary cyclically according to the variation of flow velocity and thus the Reynolds number of the flow through the opening.
Unfortunately, detailed data for such unsteady situations is not available, although various writers (e.g. Vickery and Bloxham, 1992) have argued that the steady flow value of C d = 0.6 works well under certain unsteady conditions. Loss-coefficient data for steady flow situations are readily available from texts on fluid mechanics, however the orifice flow under consideration is time varying for which data is scarce. Vickery (1994) concluded from his studies on building cavity excitation through thin openings, that in spite of the unsteady nature of the orifice flow, a constant value reflective of the steady flow situation nevertheless yields acceptable results. The sudden contraction and thin orifice plate loss coefficients (see for example White, 1999) are given by and (21)
Effective Length l e
Values for the effective length l e may be estimated using data available in the acoustics literature, see for example Hall (1987) , or from studies on building internal pressure dynamics (Sharma and Richards, 1997b; Vickery and Bloxham, 1992) . The effective length can be viewed as the length of an air jet / slug at the orifice defining the inertia of the internal pressure system. It is a sum of the actual orifice length l o and end corrections quantified using an inertia coefficient C I (Vickery and Bloxham, 1992; Stathopoulos and Luchian, 1989) , such that (22) It should be noted however that l e varies not only with the opening geometry, but also with location of the opening, and further work is required before values could be obtained with confidence.
Therefore l e (or C I ) remains as one of two ill-defined parameters of the internal pressure problem, together with the opening loss coefficient C L . 
Governing Equations for Internal Pressure
is obtained, which is readily expressed in coefficient form,
which is the same as Vickery's Eq. (4). In the above equations,
is the Helmholtz resonance frequency of the building cavity with the opening. The inertia of the resonance system can be viewed as a mass (or slug or jet) m i = ρ a A o l e of air of length l e and crosssection A o , that oscillates at the opening in response to fluctuations in external pressure (Holmes, 1980) . The stiffness of the system is provided by the air in the building cavity which is acted upon by the 'air slug' at the opening, in much the same way as a pneumatic spring or air spring.
Nondimensionalisation of the Governing Equation
Dimensionless Governing Equation(s) and Parameters
Holmes (1980) non-dimensionalised Eq.
(1) and discussed the importance of a number of nondimensional parameters influencing building internal pressure dynamics. A non-dimensionalised
o e a pi pi HH pi HH pe 
The non dimensionalised equation was re-presented recently by Ginger et al. (2008) as,
in which the importance of parameters and were highlighted. There are however some questions that arise from this approach. Firstly, what are the physical meaning and significance of the non-dimensional parameters? Secondly, is it the best approach to non-dimensionalise the internal pressure dynamic equation using a time scale representing the onset turbulence, which is a characteristic of the excitation signal, and not of the internal pressure system. Thirdly, would it be better to represent the effective air slug length as in Eq. (22), , instead of . To answer these, a careful consideration needs to be made of the data that exists in the literature, and, the manner in which the governing equation is non dimensionalised. The calculation of the effective air slug length using neither accounts for the physical thickness of the opening l o which can sometimes be significant, nor allows the inertia coefficient C I to vary as it remains fixed at 0.89. The manner in which l e is defined will also impact upon the two non-dimensional parameters ϕ 5 and S*. The literature cited already shows C I can vary between 0.89 and 1.55, and over which, the peak and fluctuating internal pressures could vary significantly (Sharma, 2012) . Also, real openings in buildings could consist of significant 'necks' or lengths. It is then very easy to conclude that l e should be defined as in Eq. (22), .
Towards non dimensionalisation, the internal pressure dynamic system and the excitation signal characteristics may be treated separately. In doing so, a more representative time scale derived from the system alone, such as the Helmholtz resonance period, can be used to scale time t, ,
which then leads to a dimensionless form of Eq. (23b),
being dependent entirely upon the system parameters. In this equation is the onset flow Mach Number and is the inertia ratio or volume ratio which is the ratio of the volume (or mass) of the imaginary air slug at the opening to the volume or mass of the air contained within the building cavity. One of the Holmes (1980) and Ginger et al. (2008) parameters, S*, is then recognised as a combination of the Mach number and inertia ratio parameters, 
Ë Ë ÁˆCpe
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The Fundamentals of Building Internal Pressure Dynamics Induced Through a Dominant Opening K-279
In this slightly modified definition of S*, l e is defined according to Eq. (22) that accounts for the physical length of the opening l o as well as the variation of the inertia coefficient C I . Eq. (25b) shows that damping of the internal pressure system increases with an increase in M a . Physically this implies that as the onset flow velocity increases, damping increases. This is because with an increased onset velocity, the flow speed through the opening also increases, and since losses are proportional to the square of the opening flow velocity, losses increase as well.
With 340 m/s at standard sea level conditions., and mean wind velocities for a low-rise building at say a typical ridge-height h = 4 m, ranging from 10 m/s up to 40 m/s, the Mach number would range 0.03 to 0.12.
On the other hand, Eq. (25b) also shows that increasing the inertia or volume ratio M r decreases the damping. This is interpreted as follows. A larger value of M r corresponds to a higher Helmholtz frequency, therefore velocity and pressure changes occur more rapidly. Consequently, the dU o /dt term of Eq. (19) will be larger, and thus, for a given internal to external pressure difference, the loss term has to be smaller; hence damping is decreased with increasing M r . To establish a typical range for the inertia ratio M r , we consider the definition for a dominant opening. A dominant opening is defined as one that has an area that is at least twice the area of all the leakages on the envelope (Cook, 1985) . Typical building porosity, defined as the ratio of the total leakage area to the total envelope area, ranges between 10 -4 to 10 -3 (Ginger and Letchford, 1999) . If a cubic building is taken, say 6m on a side, then this definition suggests any opening larger than 424mm x 424mm could be treated as a dominant opening. Therefore a lower limit for the inertia ratio could be estimated at approximately 5.6 x 10 -4 ; whilst a 2m square window area against the 6m cube volume gives a value of M r = 0.04; and if the volume is reduced to that of a typical room 4m x 3m x 2.4m, then M r = 0.3. In the extreme and unlikely case of a large window against a small room, M r would be close to 1.0.
Since 0.03 M a 0.12 and 5.6 x 10 -4 M r 0.3, then ; however S* ≈ 21 is obtained for an average size opening in a typical size room in a windstorm.
A third important non-dimensional parameter is the opening loss coefficient C L , which for steady flow through an orifice is given by where (White, 1999) . When the opening area is much smaller than the wall area A o << A wall or β << 1, then with C d ≈ 0.61 from experimental observations for high Reynolds number steady flow through a sharpedged orifice (White, 1999 ), = 2.69. At the other limit, when the opening area approaches the wall area Α ο A wall or β 1, then C L 0. So steady flow data suggests that it is possible for the loss coefficient C L to be much smaller than 2.69, as has been reported in some previous studies. However, the present problem involves oscillatory or unsteady flows through the opening, and literature is lacking in terms of the loss or discharge coefficient values applicable to such situations. Writers have therefore relied upon the use of steady flow values for these coefficients with some success, however as discussed already, to match experimental data, C L values from 1.20 through 2.78 to 45 have been used (see Table 1 ).
The Relevant non Dimensional Parameters of the Turbulence Excitation Function
As far as the behaviour of the dynamic internal pressure system is concerned, non-dimensionalisation has revealed the importance of four non-dimensional parameters. However, in determining the characteristics of the fluctuating building internal pressure, the external excitation function needs to be considered as well. For a broad band or grid turbulence (i.e. a white 'noise') excitation signal which contains similar energy levels across the entire frequency range or eddy scales, the internal pressure response for a specific building opening situation will only be dependent upon the level or strength of the fluctuations in the excitation signal. However, in the context of the wind loading of buildings, boundary layer turbulence needs to be considered that contains greater energy at the lower frequency or larger eddies of turbulence, and decreasing energy as the frequency increases or eddy scales decrease. In this situation, the building internal pressure characteristics additionally
Rajnish N. Sharma depend upon the location of the Helmholtz resonance frequency f HH within the range of frequencies in the onset turbulence. This measure is easily provided by the turbulence integral time scale. A frequency ratio F r is thus obtained from Equations (10), (23c), and (24a),
which yields another important non-dimensional parameter, a length ratio, ϕ 5 ,
which may be viewed as a ratio of the dominant eddy scale to the scale of the air slug at the opening. The higher the ϕ 5 ratio, the higher the frequency ratio F r indicating that the more likely it is that the Helmholtz resonance frequency would be in the inertial sub-range region of turbulence where the turbulent energy is lower, and consequently, the lower the internal pressure response. Taking again, the 6m cube as an example with the 424mm square window opening, a typical 300mm thick wall would lead to l e = 0.68m. Combined with Eq. (15), L u = 4.2h, and Eq. (26b), this gives ϕ 5 = L u /l e = 6.2h = 6.2 x 6 ≈ 37. If the wall were taken to be thin (or thickness ignored), then l e = 0.38 and ϕ 5 = 77. For a typical low rise building of height 4m, the corresponding values would be ϕ 5 = 25 − 44. Holmes and Ginger (2012) took a typical value of ϕ 5 = 20 but state that this parameter could be as high as 200 for taller buildings.
The non dimensional parameters of the internal pressure system and their ranges are summarised in Table 2 below. 
Further Discussions on the Ill-Defined Parameters C L and C I
Further Experimental Results
Helmholtz resonance frequencies and internal pressure gain functions were measured by Sharma (1996) for a range of openings on a model-scale low rise building in the wind tunnel, and on a cylindrical model. Some aspects of the results have been previously published and the methodology employed is fully outlined in Sharma and Richards (1997a , 1997b . The details of the openings and the model are shown in Fig. 3 . The average dimensions of the nearly rectangular Perspex model were: externally 276mm long x 184mm wide x 80mm high, and internally 264mm long x 172mm wide x 67mm high. Openings were located on a smaller wall, the details of which are also included in Fig. 3 . Analysis of the data considers the measured Helmholtz resonance frequencies in determining the opening inertia coefficient C I , and the damping characteristics in determining the opening loss coefficient C L .
Loss coefficients C L
The basis for the analysis is Eq. (4) containing a non-linear and a linear damping term, which is re-stated here in a slightly modified form, (27) The linear damping term is obtained by considering the viscous frictional losses around the perimeter d p and over the actual physical length l o of the opening represented by the area d p l o . The fully developed laminar pipe flow solution for the friction factor cannot be applied since the flow will not be fully developed, but in turn would have a relatively flat velocity profile. The wall shear stress is thus quantified by assuming an almost linear boundary layer profile in which the velocity goes from zero at the wall to its average value U o a distance Δr away, resulting in
The non-linear damping term may be linearised using the method employed by Vickery and Bloxham (1992) , yielding, (28) from which we realise an overall linear damping coefficient, (29) It can be shown that at model-scale (Sharma, 1996) , c lin will be at least as significant as the component c nlin arising out of the non-linear term (see also Sharma and Richards (1997a) and 1997b), whereas it becomes quite insignificant at full-scale. Most if not all model-scale tests in the past have failed to recognise the contribution of the linear damping term, so that has been used to obtain a value for the loss coefficient, denoted C L * here, since it is different to the actual loss coefficient C L at full scale; the two being related according to (31) To reinforce the importance of the linear damping term at model scale, C Llin is computed for a full scale building corresponding to the 1:50 geometric scale model with Door A opening tested in the wind tunnel. The calculations are summarised in Table 3 . Whereas for the 1:50 geometric scale model C L * = C L + C Llin = 2.80 + 1.3 = 4.1, for the full scale building however C L * = C L + C Llin = 2.80 + 0.001 = 2.8. If a 25 fold volume distortion were applied to the 1:50 scale model, corresponding to the model scale to full scale velocity ratio of 1/5, then C L * = C L + C Llin = 2.80 + 0.3 = 3.1. Now, the linear damping component is less significant (i.e. only about 10%) when compared to the nonlinear damping term. This highlights the difficulty in the prediction of full scale opening loss coefficients from model scale tests, and surprisingly also shows the additional benefit of volume distortion in wind tunnel testing.
Inertia coefficients C I
The inertia coefficients C I are readily determined from the measured Helmholtz resonance frequencies f HH and these are also summarised in Table 3 . For the cylinder with centrally located openings, C I appears to be dependent on the opening length l o , as it increases from 0.94 through 0.97 to 1.02 as l o is decreased from 60mm through 19mm to near 0mm.
For the 1:50 scale models, C I appears to be dependent on the location of the opening. In particular, for rectangular openings A, B, C, and D having approximately the same area, the lowest f HH and thus the highest C I is obtained for opening B, which is the most off-centre opening. It is presently argued that openings that are in the vicinity of the building wall or the ground plane will have longer l e , due to the air jet lengths being extended due to the coanda effect, and thus lower f HH relative to similar size openings away from the walls and the ground plane. For larger openings however, such as for the rectangular door openings in the present study, the opening flows may in fact be complex as shown previously by Sharma and Richards (1997a) and Sharma (1996) . A large opening will have significant external pressure variations across them, meaning some parts of such openings could have inflows while other parts could have outflows at the same time. Furthermore, since buildings are subjected to wind flows, the dynamics around the opening exterior are a lot different from location to location, when compared with acoustic Helmholtz resonators which operate either in quiescent air or with tangential flow over openings. When this is the case, it is then not easy to predict the variation of C I with opening location based upon the acoustic literature. This is indeed the case for openings A -D, since Table 3 does not show a clear-cut trend between C I and opening location or orientation. For example, f HH for opening D is higher than that for opening B, but is noticeably lower than that for both openings A and C.
Very similar results were obtained in subsequent wind tunnel boundary layer testing on a 1:60 scale model of a low-rise building, with and without volume distortion being applied. The details of these tests have been described previously in Sharma et al. (2007 Sharma et al. ( , 2010 ), but the model details are shown in Fig. 4 and the results are summarised in Table 4 . It shows again that the largest C I and therefore the smallest f HH is obtained with the opening next to the sidewall. The central opening has relatively lower C I , with the smallest value obtained for the opening near the roof. It is to be noted that the aspect ratio of all the openings in this study is 1:1, whereas in the results described above these were 2:1, 1:1 and 1:2.
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Further Insights
With a strong oscillatory flow through the opening, the opening flow Reynolds number Re = Re(t) = U o (t)d o /v will oscillate about zero, increasing to its maximum level then decreasing back to zero in each cycle. This suggests that the Reynolds number behavior of the opening flow needs to be considered if the characteristics of the flow coefficients are to be understood. At very low Re i.e. very low flow speeds U o , as the flow establishes in a particular direction, it will remain attached as depicted in Fig. 5a . With attached flow, viscous losses can be significant. However, as the flow speeds up and appreciable Reynolds numbers are reached, then the flow will separate and if the . Dimensions shown on right correspond to full-scale (Sharma et al., 2007 (Sharma et al., , 2010 . (Sharma et al., 2007 and 2010 flow is strong and Re is high, a vortex will roll-up creating a contracted flow region, the ven-contracta as depicted in Fig. 5b . Under such conditions, the losses are expected to be characterized by a discharge coefficient C d = 0.6 with a corresponding loss coefficient C L = 2.78. Therefore, as the opening flow Re varies between 0 to a maximum level, the discharge and loss coefficients will vary accordingly as well because of the large variation in flow behavior that occurs with Re. Current analytical modeling however utilizes a constant discharge or loss coefficient. If steady flow orifice flow data is to be relied upon for flows through building openings, then it might be worth considering a correlation for C L as a function of Re, such as that of Bohra (2004) ,
For Re > 6:
where all the variables have been defined already and μ is the dynamic viscosity of air. This is plotted for air, μ = 1.8 x 10 -6 kg/ms, an opening of thickness l o = 300mm and area
236. Fig. 6 shows that at low Re, the loss coefficient C L can be very high, and a lot higher than the high Re value of 2.78. This can have very significant implications for the internal pressure response obtained in non-windstorm conditions, such as in wind tunnel tests at modest wind speeds. If for example, tests are conducted in conditions that allow the opening flow Re to vary between 0 and a maximum of 10 4 , then it is obvious from Fig. 6 that a very high value of average loss coefficient could be estimated. Holmes (1980) for his low speed wind tunnel tests, and Ginger et al. (1997) for their full scale experiments at relatively low wind speeds, have reported loss coefficient values of up to 45; while Guha et al. (2013b) for their low wind speeds field measurements have recently reported on high loss coefficient values as well. In the context of the present discussions, such high values are indeed plausible. Whether these are valid for windstorm conditions is however questionable. In order to understand this further, the governing equation for internal pressure, Eq. (23b) was solved using a 4th order Runge-Kutta scheme for a typical building cavity -opening combination, under low as well as strong wind conditions, to obtain the ratio of RMS internal pressure to RMS external pressure σCpi/σCpe. The required external pressure forcing function was derived using an inverse FFT technique utilising a spectrum for wind turbulence, Eq. (8), and external pressure admittance function, Eq. (11). Results were also obtained for 1:50 and 1:100 scale models, with and without volume distortion.
The details for the investigation are as follows:
Building: 
Scale models: (a) 1:50 scale with
The loss coefficients and RMS ratios thus obtained are summarised in Table 5 above which shows some very interesting trends. If the mean wind speed at ridge height under design windstorm conditions is 35m/s, then solving the internal pressure equation with variable C L according to Eq. (32) gives σCpi/σCpe = 1.12 (i.e. a 12% increase in internal pressure fluctuations over external pressure due to Helmholtz resonance effects) and with an average C L (avg) = 2.93. If a constant C L = 2.78 is used, then σCpi/σCpe = 1.16 is overestimated by 3.6%; however a constant C L = 4.5 is required to match the results obtained using variable C L . If full scale tests were conducted at a wind speed of 10m/s, then Table 5 also shows that σCpi/σCpe = 1.37 is 22% higher than that under windstorm conditions. The corresponding loss coefficients are higher as well. This raises questions as to the applicability of fluctuating internal pressure data obtained at lower wind speeds to the loading under storm wind speeds.
The results in Table 5 also show that model scale testing without volume distortion can give large overestimation of internal pressure response as well. At 1:50 scale, σCpi/σCpe = 1.36 is 21% higher than the full scale response, but volume distortion remedies this entirely with the σCpi/σCpe = 1.12 being matched with that at full scale. This however corresponds to a C L (avg) = 29.2; and the response is matched with a constant C L = 2.78. At a smaller scale of 1:100 scale, σCpi/σCpe = 1.32 is obtained which is 18% higher than the full scale response, but again, volume distortion remedies this entirely with the σCpi/σCpe = 1.12 being matched with that at full scale. This time, this corresponds to a C L (avg) = 134; and the response is matched with a constant C L = 3.1.
The present results suggest that the high loss coefficients C L obtained during wind tunnel and full scale tests under non windstorm conditions can be partially explained by the assumption of a constant C L . Since the opening flow Reynolds number varies cyclically from 0 through to a maximum level, so does C L vary from some high value at low Re to the steady flow value of C L =2.78 at higher Re. The range of variation is indicated by the C L (avg) values in Table 5 . However, very high values of C L reported in previous studies could not be confirmed; perhaps further analysis with the particular conditions are required. It is also probable that higher C L values in those studies correspond to additional damping / losses arising from flexibility of the envelope and background leakages.
Conclusions and Summary
In this paper, a number of issues surrounding the dynamics of building internal pressure induced through a dominant opening have been analysed with the following conclusions:
(a) A rigorous fluid dynamics based derivation of the governing equation has revealed that while there are a number of similar variants of such an equation existing in the literature, the formulation of Vickery is the correct one to use for a full scale building. (b) To find appropriate non dimensional parameters to characterise the building internal pressure dynamic system, it is more appropriate to non dimensionalise the governing equation by a time scale representing the system, such as the Helmholtz resonance period, instead of a time scale representing the onset turbulence used in the published literature. (c) In this manner, a non dimensionalised equation was obtained that showed the importance of a number of dimensionless parameters: the onset flow Mach number M a = wind velocity / speed of sound, the opening air slug inertia ratio M r = mass of opening air slug / mass of air in the room, opening loss coefficient C L , and the opening inertia coefficient C L . The onset flow Mach number M a determines the damping in the system. As M a increases, opening flow velocities increase, and damping increases due to the velocity square proportionality of losses through openings. The air slug inertia ratio M r determines the natural Helmholtz resonance frequency f HH and therefore the time constant, and consequently the damping in the system. As M r increases, f HH increases, opening flow velocity changes more rapidly, energy is added more rapidly to the air slug than is lost by friction. (d) The non-dimensional parameter S* identified by other writers is a combination of M r and M a given by S* = M r /M 2 a . (e) Analysis reveals the following ranges for these parameters for a typical low rise building: 0.03 ≤ M a ≤ 0.12 and 5.6 x 10 -4 ≤ M r ≤ 0.3, and 0.04 ≤ S* ≤ 333; however S* ≈ 21 is obtained for an average size opening in a typical size room in a windstorm. (f) A frequency ratio Fr = √S*φ 5 /2π was obtained that represents the location of f HH in the turbulence spectrum; this revealed a length ratio φ 5 = L u /l e = turbulence integral length scale / air slug length, as obtained by previous writers as being another important non dimensional parameter. This ratio is interpreted as a ratio of the scale of dominant eddies in the flow to the scale of the air slug at the opening. Analysis revealed that for a typical low rise building, while it would range over 25 ≤ φ 5 ≤ 77; a typical value would be around 37 under windstorm conditions. (g) The literature reveals that the loss and inertia coefficients range over 1.2 ≤ C L ≤ 45 and 0.89 ≤ C I ≤ 1.55 and it is not always easy to determine this for a specific situation in a predictive manner. Over these ranges the calculated internal pressure responses could vary by up to 40% which is not satisfactory. To compound this problem, determining these coefficients for the full scale building from model-scale tests in a wind tunnel is difficult, primarily due to the presence of linear damping that is not present at full scale. This is somewhat mitigated with the volume distortion approach to model scale testing.
(h) A re-consideration of the physics of opening flows has revealed that since the flow velocity and thus the Reynolds number varies cyclically from zero to a maximum level, the loss coefficient C L can vary significantly within each flow oscillation cycle. At low Reynolds numbers, C L can be quite significant. A correlation available in the literature was utilised to demonstrate the influence of variable C L on internal pressure response; and of testing under non windstorm conditions. It was found that testing at low wind speeds both at full scale or at model scale can lead to overestimation of the internal pressure response; while at the same time giving an incorrect indication of a relatively high constant value of C L . Volume distortion at model scale however, accounting for the design full scale to model scale velocity ratio, leads to correct estimation of the internal pressure response. However the corresponding loss coefficient C L that is obtained can be large, and may not be used to simulate internal pressure response at full scale under windstorm conditions. This partially explains the reporting of high C L values in the published literature. Extreme care must therefore be exercised with internal pressure data obtained at non windstorm conditions, either at full or model scale.
